Introduction {#s1}
============

Alzheimer's disease (AD) is a devastating progressive neurodegenerative disease affecting 5.5 million Americans and about 35 million people worldwide. If the present trends continue, by 2050 there will be an estimated 14 million AD patients in US alone. AD is characterized by the presence of amyloid plaques (APs) and neurofibrillary tangles (NFTs) containing hyper phosphorylated Tau and is associated with significantly increased numbers of activated glia and severe neuronal loss in the AD brains (Pekny and Nilsson, [@B33]; Streit et al., [@B40]; Thangavel et al., [@B42]). NFTs and APs are first detectable in the aged as well as in AD brains in the parahippocampal gyrus consisting the entorhinal cortex is the area where NFTs and APs are first detectable in the aged as well as in AD brains (Bevilaqua et al., [@B1]). The involvement of parahippocampal gyrus in AD pathophysiology is already reported (Van Hoesen et al., [@B43]). Entorhinal cortex is the earliest as well as the most vulnerable and heavily affected brain region in AD (Hof et al., [@B14]; Porchet et al., [@B35]). Inflammation is the hallmark of chronic neurodegenerative diseases, and transcription factor nuclear factor-kB (NF-κB) is considered an important regulator of these inflammatory processes (Granic et al., [@B11]). Glia maturation factor (GMF) is an inflammatory protein first discovered, purified and sequenced in our laboratory (Lim et al., [@B22], [@B23]; Kaplan et al., [@B19]). We have previously shown that overexpression of GMF induces neuroinflammation leading to the death of neurons in the neurodegenerative diseases (Zaheer et al., [@B50], [@B52]). Our previous studies have also shown that GMF is expressed at the vicinity of APs and NFTs in temporal cortex (Zaheer et al., [@B53]; Thangavel et al., [@B42]), entorhinal cortex and hippocampus in AD brains (Stolmeier et al., [@B39]; Thangavel et al., [@B41]).

Mitochondrial dysfunction plays a crucial role in the development and progression of the neurodegenerative diseases such as AD (Reddy and Reddy, [@B36]) and oxidative stress is one of the earliest and significant events in AD pathogenesis (Viña et al., [@B45]; Kamat et al., [@B18]). Mitochondria are the main sites for reactive oxygen species (ROS) production. Increased expression of inducible nitric oxide synthase (iNOS) around the plaques has been shown to contribute to the oxidative stress in AD brains (Wong et al., [@B48]). Uncoupling proteins (UCPs) are inner mitochondrial proteins that protect neurons by reducing the production of free radicals (Lu et al., [@B25]). The genetic variability of the UCPs in humans has been shown to be associated with longevity by modulating cellular energy level through control of oxidative stress (Rose et al., [@B37]). The UCPs are endogenous neuroprotective agents and the induction of UCPs in the specific brain region has been suggested to protect neurons from oxidative stress-mediated tissue damage (Conti et al., [@B5]). Nitric oxide (NO) pathway with iNOS is involved in the UCP expression dynamics in the disease conditions (Litvinova et al., [@B24]). Previous study has shown that inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α) decreases expression of UCPs through NOS pathway (Merial et al., [@B27]). Cumulative oxidative stress through enhanced ROS and reactive nitrogen species (RNS) in conjunction with UCPs potentially triggers the neuronal loss. In this context, the relevance of GMF that regulates both arms of this disorder becomes significant. Hence, the present study was carried out to demonstrate the expression of GMF, UCP2, UCP4, iNOS and NF-kB in the parahippocampal gyrus of AD brains using immunohistochemistry (IHC) and immunofluorescence staining procedures.

Materials and Methods {#s2}
=====================

Antibodies and Reagents {#s2-1}
-----------------------

Rabbit GMF polyclonal antibody and mouse GMF monoclonal antibodies were purchased from Protein Tech (Chicago, IL, USA). The vendors for other antibodies are listed within parentheses. Anti-UCP2 polyclonal antibody (Calbiochem Millipore, San Diego, CA, USA), Rabbit polyclonal UCP4 antibody (Novus Biologicals, Littleton, CO, USA), anti-rabbit iNOS and rabbit polyclonal to NF-κB p65 (Abcam, Cambridge, MA, USA) were obtained. Vectastain avidin biotin peroxidase complex (ABC) reagents and kits (peroxidase mouse IgG/ peroxidase rabbit IgG) and Impact 3,3'-diaminobenzidine (DAB) peroxidase substrate kits were from Vector Labs (Burlingame, CA, USA). Additional reagents include phosphate buffered saline (PBS; GIBCO, Life Technologies, Grand Island, NY, USA), Thioflavin-S (Sigma, St Louis, MO, USA). Permount (Fisher Scientific (Pittsburgh, PA, USA) and Fluorogel (EM Sciences, Hatfield, PA, USA).

Human AD Brain Samples {#s1-1}
----------------------

Temporal lobes from human postmortem rapid brains of AD patients (*n* = 10) and age matched non-AD control subjects (*n* = 10) were obtained through the University of Iowa Deeded body program and fixed in 4% paraformaldehyde. They were cut into 40 μm thick sections on a sledge freezing microtome and the sections were collected in PBS and stored in cryo storage solution (glycerol 30 ml, ethylene glycol 30 ml, 40 ml 0.1 M PBS) until used for immunostaining. This study was approved by the University of Missouri Institutional Review Board (IRB \#2008067; Exempt Application 224561), Columbia, MO, USA. This study was conducted under standard ethical procedures. All the appropriate personal protection safety procedures were followed to handle the human samples.

IHC for UCP2 or UCP4 with Thioflavin-S Double Staining {#s2-2}
------------------------------------------------------

Free-floating sections of parahippocampal gyrus were treated with 0.3% hydrogen peroxide (in PBS) solution for 20 min at room temperature (RT). After washing in PBS, the sections were incubated in blocking buffer (5% normal goat serum, 3% bovine serum albumin (BSA) and 0.1% Triton-X in PBS) for 1 h at RT. Then the sections were incubated overnight at 4°C with either anti-UCP2 (1:500 dilutions) or anti-UCP4 (1:500 dilutions). Next day, the sections were washed in PBS and incubated for 1--2 h with appropriate biotinylated goat anti-mouse IgG or goat anti-rabbit IgG secondary antibody. The sections were rinsed again in PBS and developed with an ABC standard staining kit solution diluted in PBS for 1 h. After washing, sections were incubated with Impact DAB peroxidase solution for 5 min and counterstained with thioflavin-S to show the association between UCPs and NFTs or APs in AD and non-AD brains as described earlier (Thangavel et al., [@B41]). The sections were rinsed with distilled water, mounted on slides and dried. Slides were then dehydrated, cleared in xylene and cover slipped with Permount.

Double Immunofluorescence for GMF with UCP2 or UCP4 {#s2-3}
---------------------------------------------------

Free floating sections of parahippocampal gyrus from AD and non-AD brains were incubated with a mixture of GMF monoclonal antibody and polyclonal UCP2 or UCP4 antibodies overnight at 4°C (Thangavel et al., [@B41]). Then the sections were incubated for 1 h at RT with the appropriate secondary antibodies. Monoclonal GMF was visualized with goat anti-mouse IgG conjugated with green fluorescent dye Alexa Fluor 488. Polyclonal UCP2 and UCP4 were visualized with goat anti-rabbit IgG conjugated with red fluorescent dye Alexa Fluor 568. Then the sections were rinsed and cover-slipped with Fluorogel and observed under a Nikon (DIAPHOT) microscope (Garden City, NY, USA).

Additionally, imaging of human AD brain sections was conducted on a Leica TCP SP8 laser scanning confocal microscope with a 405-nm diode laser and tunable super continuum white light laser using 63× oil immersion objective. Briefly, the brain sections were incubated with GMF monoclonal antibody and UCP2 polyclonal antibody. UCP2 (green) was visualized with goat anti-rabbit IgG conjugated with green fluorescent dye Alexa Fluor 488 and GMF (red) was visualized with goat anti-mouse IgG conjugated with green fluorescent dye Alexa Fluor 568. Double immunofluorescence labeling of AD brain sections were performed with GMF monoclonal antibody and UCP4 polyclonal antibody. UCP4 (green) was visualized with goat anti-rabbit IgG conjugated with green fluorescent dye Alexa Fluor 488 and GMF (red) was visualized with goat anti-mouse IgG conjugated with green fluorescent dye Alexa Fluor 568. The following excitation/emission band-pass wavelengths were used: 405/420--480 nm (DAPI), 495/505--550 nm (Alexa Fluor 488) and 570/580--630 nm (Alexa Fluor 568). Confocal images of double immunofluorescence labeling for GMF and UCP2, GMF and UCP4, GMF and voltage-dependent anion-selective channel 1 (VDAC1; ThermoFisher Scientific, Rockford, IL, USA), 6E10 and fatty acid synthase (FASN) antibody (Cambridge, MA, USA), NF-κB and DAPI in the brain sections of AD were acquired.

Quantitation of GMF, UCP2 and UCP4 Positive Cells and Statistical Analysis {#s2-4}
--------------------------------------------------------------------------

UCP2 and UCP4-positive cells were counted in the double stained slides. GMF and UCP2-positive cells or GMF and UCP4-positive cells were counted in the double immunofluorescence slides (Thangavel et al., [@B41]; Xiong et al., [@B49]). To quantitate the staining, we counted UCP2, UCP4 or GMF- positive cells under 400× total magnifications in 5 different fields in AD and non-AD brains and then averaged. The data were presented as the number of GMF, UCP2 and UCP4-positive cells/95 mm^2^. The data were analyzed by unpaired *t*-test or nonparametric Mann-Whitney test. A *p*-value of \<0.05 was considered statistically significant.

Double Immunofluorescence for GMF with iNOS or NF-κB {#s2-5}
----------------------------------------------------

Free floating sections of parahippocampal gyrus were incubated with a mixture of GMF monoclonal antibody and polyclonal iNOS or polyclonal NF-κB p65 antibodies for overnight at 4°C (Thangavel et al., [@B41]). Then the sections were incubated for 1 h at RT with the appropriate secondary antibodies. GMF was visualized following labeling with goat anti-mouse IgG conjugated with green fluorescent dye Alexa Fluor 488, and iNOS or NF-κB were visualized post labeling with goat anti-rabbit IgG conjugated with red fluorescent dye Alexa Fluor 568. The sections were rinsed and cover-slipped with Fluorogel and the images were acquired on a Nikon (DIAPHOT) fluorescence microscope.

Double IHC for GMF with iNOS or NF-κB {#s2-6}
-------------------------------------

The parahippocampal gyrus sections were double immunostained to detect GMF (1:100 dilutions) with iNOS (1:100) or NF-κB p65 (1:100 dilutions). For two-color double labeling, the sections were first incubated with GMF monoclonal antibody (1:100 dilutions) overnight at 4°C then incubated with DAB substrate solution which produces brown color. Subsequently, these sections were further incubated with iNOS or NF-κB overnight at 4°C. Then the sections were incubated with SG substrate (Vector) solution as second chromogen, which produces blue color. The sections were then mounted on slides, dried, dehydrated, cleared and cover-slipped using Permount.

Double IHC for APs (6E10 Antibody) with Anti-iNOS or NF-κB {#s2-7}
----------------------------------------------------------

We then performed co-localization of the APs (6E10 antibody) with iNOS or NF-κB in the parahippocampal gyrus sections of the AD brains. IHC with 6E10 was performed first using the procedure described above. Briefly, after the visualization of immunoreactivity with DAB (brown color), the sections were rinsed in PBS and blocked for 1 h at RT and the slides were incubated with primary antibodies against GMF, iNOS or NF-κB at 4°C for overnight. After washing with PBS, the sections were incubated with ABC (diluted 1:50) solution for 1 h at RT. The second immunoperoxidase reaction was developed with SG substrate solution (Vector, blue color). Sections were then mounted on slides, dried, dehydrated, cleared and cover-slipped with Permount.

Results {#s3}
=======

IHC Detection of Down-Regulation of UCP2 and UCP4 in AD Brains {#s3-1}
--------------------------------------------------------------

To investigate whether there is differential expression of UCP2 and UCP4 in the AD and non-AD brain sections, we performed IHC for UCP2 and UCP4 expression in the parahippocampal gyrus of AD and non-AD brains. Parahippocampal gyrus showed decrease in the expression of both UCP2 as well as UCP4 in the AD brain when compared to non-AD control brains (brown color, arrows; Figure [1A](#F1){ref-type="fig"}). After the UCP staining, the same sections were also stained for Thioflavin-S to detect APs and NFTs in the brain. Thioflavin-S staining (green color) shows the presence of APs and NFTs (arrowheads) in AD brain (Figure [1A](#F1){ref-type="fig"}). Though number of APs increased in AD brains compared to non-AD brains, we did not see any significant association of UCPs expression with APs in AD brains. To quantitate UCPs expression, the numbers of UCP2 or UCP4-positive cells were counted in the IHC slides of AD and non-AD brains (Figure [1B](#F1){ref-type="fig"}). Expression of both UCP2 as well as UCP4 was significantly decreased (*p* \< 0.05) in AD brain sections as compared to non-AD brain sections.

![**Immunohistochemistry (IHC) detection of uncoupling proteins 2 (UCP2) or UCP4 with amyloid plaques (APs) and neurofibrillary tangles (NFTs) in Alzheimer's disease (AD) and non-AD brains. (A)** Representative photomicrographs show UCP2 or UCP4 IHC staining followed by thioflavin-S fluorescence staining in the parahippocampal gyrus of AD (*n* = 10) and non-AD brains (*n* = 10). Both UCP2 and UCP4 expression (brown color, arrows) were decreased in AD brains when compared to non-AD brains. Thioflavin-S staining (green color, arrowheads) showed APs and NFTs in the AD brain (magnifications = 400×). **(B)** We also counted UCP2 and UCP4-positive cells in AD (*n* = 10) and non-AD (*n* = 10) brains using the IHC slides. The counting was performed under the microscope using high magnification objectives at five different fields in each section and then averaged. The data were presented as mean ± SEM of the number of UCP2 or UCP4-positive cells/95 mm^2^, \**p* \< 0.05, *t* test.](fnagi-09-00150-g0001){#F1}

Double Immunofluorescence Detection of GMF with UCP2 or UCP4 in AD Brains {#s3-2}
-------------------------------------------------------------------------

To address the question whether GMF interacts with UCP2 and UCP4 we performed colocalization studies. By double immunofluorescence staining procedures, we observed increased expression of GMF (green color) in parahippocampal gyrus of AD brain when compared to non-AD brain (Figure [2](#F2){ref-type="fig"}). The same sections were stained for both UCP2 (red color) or UCP4 (red color, arrowheads) after GMF staining in AD and non-AD brains. UCP2 (Figure [2A](#F2){ref-type="fig"}) and UCP4 (Figure [2B](#F2){ref-type="fig"}) are less abundant in the AD brain when compared to non-AD brains by double immunofluorescence staining similar to IHC results as shown in Figure [1A](#F1){ref-type="fig"}. Dual immunofluorescence revealed colocalization of UCP2 and UCP4 expressions with GMF (Figure [2](#F2){ref-type="fig"}). To quantitate the GMF and UCPs expression, the number of GMF and UCP2-positive cells (Figure [2C](#F2){ref-type="fig"}) or GMF and UCP4 (Figure [2D](#F2){ref-type="fig"}) -positive cells were counted in AD and non-AD brain sections using immunofluorescence slides. Both UCP2 and UCP4 were significantly decreased (*p* \< 0.05) in AD brains when compared to non-AD brains. Results show increased expression of GMF in AD brains when compared to non-AD brains (Figures [2A,B](#F2){ref-type="fig"}). GMF upregulation was associated with downregulation of UCP2 and UCP4. It is clear from the confocal data (Figures [2E,F](#F2){ref-type="fig"}) that UCP2 and UCP4s colocalized with GMF. In addition, it is clear that in AD brains, GMF localizes to the mitochondria as shown by colocalization of GMF with the mitochondrial marker-VDAC1 (Figure [3](#F3){ref-type="fig"}).

![**Double immunofluorescence detection of glia maturation factor (GMF) with UCP2 or UCP4 in parahippocampal gyrus of AD brain and compared with non-AD brain (*n* = 7--10).** GMF monoclonal antibody and UCP2 or UCP4 polyclonal antibodies were mixed and the sections were incubated with this mixture. GMF was visualized using goat anti-mouse IgG conjugated with green fluorescent dye Alexa Fluor 488. **(A)** UCP2 and **(B)** UCP4 proteins were visualized using goat anti-rabbit IgG conjugated with red fluorescent dye Alexa Fluor 568. UCP2 and UCP4 expressions are reduced in AD brains when compare to non-AD brains. We have observed increased expression of GMF (green color, arrows) in AD brain when compare to non-AD brain. UCP2 and UCP4 expressions are observed at the same location where GMF is expressed (magnification = 400×). To quantitate the immunostaining, we counted **(C)** GMF and UCP2 or **(D)** GMF and UCP4-positive cells under the microscope at five different fields in each section and then averaged (*n* = 7--10). The data were presented as mean ± SEM of the number of GMF or UCP2 or UCP4-positive cells/95 mm^2^, \**p* \< 0.05, *t* test. **(E,F)** Confocal microscopic double immunofluorescence labeling of AD brain sections. Sections were incubated with GMF monoclonal antibody and UCP2/UCP4 polyclonal antibodies. UCP2/UCP4 (green) were visualized with goat anti-rabbit IgG conjugated with green fluorescent dye Alexa Fluor 488. GMF (red) labeling visualized with goat anti-mouse IgG conjugated with green fluorescent dye Alexa Fluor 568. Boxed area show colocalization of GMF and UCP2 or UCP4 in the merged image (magnification 63× oil immersion objective).](fnagi-09-00150-g0002){#F2}

![**Confocal microscopy image of double immunofluorescence labeling of GMF (red) and voltagedependent anion-selective channel 1 (VDAC1; green) in the brain section of AD.** Merged image showed the colocalization of GMF and VDAC1. Boxed area show the enlarged view of co-localization of GMF and VDAC1 (magnification 63× oil immersion objective).](fnagi-09-00150-g0003){#F3}

Double Immunofluorescence and Double IHC Detection of GMF Upregulation Associated with Increased iNOS or NF-κB Levels in AD Brains {#s3-3}
----------------------------------------------------------------------------------------------------------------------------------

To investigate whether or not GMF interacts with iNOS or NF-κB, first, we performed double immunofluorescence staining to detect GMF with iNOS or GMF with NF-κB in the parahippocampal gyrus of AD brains. Our results show that iNOS (red color, arrowheads upper panel) or NF-κB (red color, arrowheads lower panel) are localized in the vicinity where of GMF is expressed (green color, arrows; Figure [4A](#F4){ref-type="fig"}). Merged image show the co-localization of GMF with iNOS or NF-κB (Figure [4A](#F4){ref-type="fig"}). Following immunofluorescence staining for GMF, iNOS and NF-κB, we have also performed non-fluorescence IHC staining to co-localize GMF with iNOS, as well as GMF with NF-κB (Figure [4B](#F4){ref-type="fig"}). Our double IHC staining also revealed the co-localization of GMF (brown color, arrows) with iNOS (blue color, arrowheads left panel) or GMF with NF-kB (blue color, arrowheads right panel) in the parahippocampal gyrus of AD brains (Figure [4B](#F4){ref-type="fig"}). Glial cells show the expression of GMF as well as iNOS and NF-κB indicating the involvement of iNOS and NF-κB in GMF-upregulation and release similar to the role of NF-κB in proinflammatory cytokine release during an inflammatory response. Positive cells were counted from these images and shown in bar graphs (Figure [4A](#F4){ref-type="fig"}). NF-κB immunofluorescence with DAPI nuclear counterstaining showed the cytoplasmic location in the AD brain (Figure [4C](#F4){ref-type="fig"}).

![**Double immunofluorescence and double IHC detection of GMF and inducible nitric oxide synthase (iNOS) or GMF and nuclear factor kB p65 (NF-κB p65) in AD brains. (A)** Parahippocampal gyrus sections from AD patient brain were incubated with a mixture of GMF monoclonal antibody and polyclonal iNOS or NF-κB antibodies. GMF was visualized with goat anti-mouse IgG conjugated with green fluorescent dye Alexa Fluor 488, and iNOS or NF-κB were visualized with goat anti-rabbit IgG conjugated with red fluorescent dye Alexa Fluor 568 to iNOS or NF-κB. **(A)** iNOS (red color, arrowheads) and NF-κB (red color, arrowheads) were localized at the vicinity of GMF (green color, arrows) expression. **(A)** Merged image show the co-localization of GMF with iNOS or NF-κB (magnification = 200×). **(B)** We have also co-localized GMF with iNOS and GMF with NF-κB by double IHC staining in AD brains (*n* = 3). The brain sections were first incubated with GMF monoclonal antibody and 3,3'-diaminobenzidine (DAB) substrate solution (brown color) followed by incubation for iNOS or NF-κB detection. Then the sections were incubated with Vector SG substrate solution (blue color). Double IHC staining also revealed the co-localization of GMF (brown color, arrows) with iNOS (blue color, arrowheads) or GMF with NF-κB (blue color, arrowhead). Glial cells show the expression of GMF as well as iNOS or NF-κB (magnification = 400×). Positive cells were counted from the images and presented in bar graphs. **(C)** NF-κB immunofluorescence labeling with DAPI counter staining showing NF-κB cytoplasmic expression. Boxed area show enlarged view of NF-κB and DAPI co-localization (magnification 63× oil immersion objective).](fnagi-09-00150-g0004){#F4}

Double IHC Detection of APs with iNOS or NF-κB in AD Brains {#s3-4}
-----------------------------------------------------------

Next, we studied if the upregulation of GMF, iNOS or NF-κB p65 are associated with APs in AD brains. We first imunostained for APs with 6E10 antibody followed by staining for GMF or iNOS or NF-κB (Figure [5](#F5){ref-type="fig"}). Our results show co-localization of APs (brown color, arrowheads) with GMF (blue color, arrows) or iNOS (arrows) or NF-κB (arrows) at the vicinity of APs (brown color) in the parahippocampal gyrus of AD brains (Figure [5](#F5){ref-type="fig"}). Our results indicate that GMF, iNOS and NF-κB are closely associated with each other in the pathogenesis of AD. Positive cells were counted from these images as shown in bar graph (Figure [5](#F5){ref-type="fig"}). GMF, iNOS and NF-κB positive cells were 39, 32 and 37, respectively.

![**Double IHC detection of APs with GMF or iNOS or NF-κB in parahippocampal gyrus of AD brains (*n*= 3).** We have performed co-localization of APs (6E10 antibody) with GMF or iNOS or NF-κB subunit p65. We have first performed IHC for APs with 6E10 antibody (brown color, arrowheads). After the visualization of immunoreactivity for APs with DAB substrate (brown color), the sections were then incubated with antibodies for GMF or iNOS or NF-κB at 4°C for overnight. The second immunoperoxidase reaction was developed with Vector SG substrate (blue color). GMF, iNOS and NF-κB (blue color, arrows) were co-localized at the vicinity of 6E10 labeled APs (brown color) in the AD brains (magnification = 200×). Bar graph show positive cells in these images.](fnagi-09-00150-g0005){#F5}

IHC of FASN, and Double Labeling of FASN with AT8, and FASN with 6E10 {#s3-5}
---------------------------------------------------------------------

It has been shown that the mitochondrial UCPs such as the UCP2 is a regulator of energy homeostasis through *de novo* lipid synthesis, which involves the enzyme FASN for lipogenesis. In a previous study (Moon et al., [@B29]), it was demonstrated that UCP2 regulates the inflammatory responses mediated by NLRP3 inflammasome of cells by increase in FASN activity. Also, a recent review (Olsen and Singhrao, [@B32]) discussed the role of NLRP3 in AD pathogenesis. In our ongoing studies (unpublished observation) we have seen that down-regulation of GMF abrogates NLRP3 activation.

To understand the relevance of UCPs in relation to inflammatory mediators in plaque regions of AD; we conducted the single immunostaining of FASN in the AD and non-AD brain (Figure [6A](#F6){ref-type="fig"}). FASN immunoreacitvity was observed in the plaque area of AD brain. FASN was detected in neurons in the brain. Double immunohistochemical staining of FASN and tau in the AD brain showed tau labeled NFTs and FASN immunoreactive pyramidal neurons (Figure [6B](#F6){ref-type="fig"}). Positive cells were counted from these images and shown in bar graphs. Double immunofluorescence labeling for FASN and 6E10 showed co-localization of this enzyme and plaques (Figure [6C](#F6){ref-type="fig"}).

![**IHC of fatty acid synthase (FASN), and double labeling of FASN with AT8, and FASN with 6E10. (A)** Immunohistochemical staining of FASN in AD and non-AD brain sections. Note the presence of strong immunoreactive cells (arrows) in the plaque area. **(B)** Double immunostaining for FASN (DAB, brown color) and tau (AT8 antibody; blue-gray color, SG Vector) showing the association of these (magnification = 400×). Positive cells were counted from these images and presented in graphs. **(C)** Confocal microscopy double immunofluorescence labeling of 6E10 (red) and FASN (green) in the AD brain showing the colocalization (yellow color; white arrows) in the merged image (magnification 63× oil immersion objective). \*Significantly increased (*p* \< 0.05) as compared with Non-AD.](fnagi-09-00150-g0006){#F6}

Discussion {#s4}
==========

Previous studies have shown that entorhinal cortex of parahippocampal gyrus is affected from the early stages of AD pathogenesis (Braak and Braak, [@B3], [@B4]; Gómez-Isla et al., [@B10]). Several imaging studies have shown atrophy in the entorhinal cortex and hippocampus in the early stages of AD that was responsible for the confusion and other memory related disorders in AD (deToledo-Morrell et al., [@B7]; Devanand et al., [@B8]; Villain et al., [@B44]). Due to normal aging processes and in the presence of AD, the parahippocampal gyrus is highly affected region of the brain and thus we have analyzed this area in the present study. The present study demonstrates down-regulation of UCP2 and UCP4 expression and upregulation of GMF in the parahippocampal gyrus of AD brains. We have localized the expression of GMF and UCP2 or UCP4 in the close vicinity of APs. We found that GMF expression is associated with up-regulation of iNOS as well as NF-κB p65 in AD brains. AD is also considered as a systemic disease with mitochondrial abnormalities. Mitochondrial dysfunction has been suggested to precede both CNS neuropathological symptoms and contributes to the peripheral metabolic abnormalities frequently observed in AD (Morris et al., [@B30]). Mitochondrial dysfunctions and upregulation of GMF have been previously reported in neurodegenerative diseases (Ho et al., [@B12]; Thangavel et al., [@B41]). Neuronal cells are known to express mitochondrial UCP2, UCP3 and UCP4 (Mattson and Liu, [@B26]), and here we have studied UCPs in AD brains. We have previously reported GMF upregulation in several brain regions in AD patients in close association with plaques (Zaheer et al., [@B53]; Thangavel et al., [@B42], [@B41]; Stolmeier et al., [@B39]). Further, we have also found that GMF overexpression in the glial cells was associated with upregulation of mitogen-activated protein kinase (MAPKs) and NF-kB *in vitro* (Zaheer et al., [@B51]). Oxidative stress-induced cell damage by mitochondrial dysfunction is found in neurodegenerative diseases including AD and is mediated by ROS (Bonda et al., [@B2]; Persson et al., [@B34]). It has been shown (de la Monte and Wands, [@B6]) that oxidative stress mediated mitochondrial dysfunction occurs early in AD and progresses with severity. UCP2 and UCP4 are known to protect neurons from mitochondrial dysfunction, oxidative damage, cell survival, preserving ATP synthesis and implicated in neurodegenerative diseases such as in AD and PD (Ho et al., [@B13]). Overexpression of UCP2 provides protection from oxidative stress in several cells including neuronal cells, cardio myocytes, macrophages and monocytes. Overexpression of UCP4 was also shown to suppress apoptosis and reduce oxidative stress (Ho et al., [@B13]). Though a number of studies have shown that UCP2 expression protects cells from oxidative stress mediated injuries, induction of UCP2 expression may be a double-edged sword as it could also induce mitochondrial dysfunction and necrotic death (Mills et al., [@B28]; Sriram et al., [@B38]). Our studies confirm the results of the former study that GMF is upregulated in the AD brains (Thangavel et al., [@B41]), and this could be associated with decreased UCP2 expression.

GMF is expressed in various human brain regions (Zaheer et al., [@B53]; Thangavel et al., [@B42]) and in rat brains as have been previously reported using various IHC and immunofluorescence staining procedures (Lim et al., [@B21]; Wang et al., [@B47]). In the present study, we have observed an increase in the number of reactive astrocytes, and reduced UCP2 as well as UCP4 positive cells in AD brains when compared to non-AD brains by immunostaining. Decreased UCP2 and UCP4 levels may precipitate neuronal death in AD. Our double immunofluorescence staining results show the upregulation of GMF-positive cells, and down regulation of UCP2 and UCP4-positive cells in AD brains. Both increased GMF and decreased UCPs may increase the glial activation and neuronal death in AD. The presence of APs and NFTs were observed in the AD brains by thioflavin-S staining and 6E10 antibody in the present study. However, there is no significant association of UCPs with APs or NFTs that were observed in this study. UCPs may be quickly upregulated due to acute tissue insult in order to protect neurons form injury, as shown for ischemic lesions in the brain (Nakase et al., [@B31]).

As various inflammatory molecules are increased in AD brains, we have analyzed the expression of iNOS in AD brains in relation to GMF expression. Our findings suggest that iNOS expression is more in the close vicinity of 6E10 labeled APs. Interestingly, it has been reported that UCP2 expression in macrophage significantly reduced the ROS and iNOS gene expression after LPS treatment (Kizaki et al., [@B20]). TNF-α which is known to be elevated in AD; reduces expression of UCPs but induced iNOS expression through NO-dependent pathways (Merial et al., [@B27]). The increased iNOS expression in the present study may correlate with the decreased level of UCPs in AD brains. Previous studies have shown high levels of NOS in the astrocytes that are present around the APs (Wallace et al., [@B46]). We have observed in the present study that iNOS upregulation is co-localized with increased GMF in AD brains. Similarly, we also co-localized the expression of GMF and NF-κB in the cytoplasm of AD brains (Hunot et al., [@B15]). This increased activation of NF-κB at the vicinity of GMF upregulation suggest that GMF may be partly involved in the increased activation of NF-κB in the AD brains. NF-κB complexes can specifically control the transcriptional activity, inducing either harmful or beneficial effects depending upon the combination of NF-κB dimers. Previous study has shown that UCP4 expression is significantly regulated through the activation and inhibition of NF-κB signaling by the NF-κB-response element binding site within the promoter region of UCP4 (Ho et al., [@B12]). Aβ in close vicinity of APs activates NF-κB in neurons and glia in AD (Kaltschmidt et al., [@B17]). The aberrant NF-κB activation could be due to increased Aβ, GMF and other proinflammatory factors in AD brains. The current results suggest that GMF-positive glial and neuronal cells surround APs, and that the glial cells show increased NF-κB in AD brains. Proinflammatory signals/molecules such as LPS down-regulate UCP2 through c-Jun N-terminal kinase (JNK) and p38 MAPK pathways. UCP2 down-regulation was shown to increase mitochondrial ROS production to promote MAPK activation (Emre et al., [@B9]), which is shown to be activated in AD. NO and ROS are two well-known pro-apoptotic mediators. GMF could activate MAPKs and NF-κB that leads to the release of several proinflammatory cytokines and chemokines to augment and sustain AD pathogenesis. Our present findings are in agreement with the previous findings that increased activation of NF-κB has been reported in the vicinity of APs in AD brains. The mechanism of down-regulation of UCPs in AD in relation to GMF needs further studies. We found that increased NF-κB expression is co-localized with up-regulated GMF levels in the parahippocampal gyrus in AD brains. Acute activation of NF-κB may be neuroprotective but prolonged chronic activation could lead to neurodegeneration in neurodegenerative diseases (Kaltschmidt et al., [@B17]). In conclusion, UCP2 and UCP4 are down regulated in AD brains with up-regulation of GMF expression in the glial cells along with increased iNOS and NF-κB activities thereby indicating that GMF plays a proinflammatory role in the pathogenesis of AD probably by promoting mitochondrial dysfunction through down regulation of the UCPs.

The association of mitochondrial UCP2 and UCP4 near plaques in AD brains provides the physiological relevance of these proteins in regulating the inflammatory processes in AD. It is our understanding that neuronal death in AD is an interplay of oxidative stress mediated events activating a cell death pathway such as brought about by the inflammasome complex leading to mitochondrial dysfunction. The role of the mitochondrial UCPs is to regulate the cellular bioenergetics by its action on the lipid synthesis catalyzed by FASN through intermediates from the tricarboxylic acid cycle. Our ongoing work positions GMF as a regulator of the NLRP3 inflammasome complex.

From our current observations, we propose that mitochondrial dynamics in disease conditions is regulated on the one hand by UCPs through their action on FASN and on the other hand by GMF through its action on the NLRP3 inflammasome. In this context, earlier study (Iyer et al., [@B16]) has shown that NLRP3 binds to and is activated by the mitochondrial phospholipid cardiolipin. Future studies will delineate the exact mechanism of regulation of UCPs expression and activation by GMF using animal models of AD.

Author Contributions {#s5}
====================

All authors contributed to the conception or design of the work; or analysis, or interpretation of data for the work.

Conflict of Interest Statement {#s6}
==============================

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

This work was supported by National Institutes of Health Grants AG048205, Veteran Affairs Merit Award I01BX002477 and NS073670 to AZ.

[^1]: Edited by: P Hemachandra Reddy, Texas Tech University Health Sciences Center, United States

[^2]: Reviewed by: Yongfu Wang, University of Kansas, United States; Kumar Vaibhav, Augusta University, United States
